Mid-infrared electroluminescence from InAs type-I quantum wells grown on InAsP/InP metamorphic buffers
I. INTRODUCTION
Mid-infrared (mid-IR) lasers emitting around k ¼ 2-8 lm have important applications such as molecular spectroscopy and gas detection.
1 GaSb-based type-I quantum well (QW) laser diodes can cover most of the short mid-IR spectral range (k ¼ 1.9-3.7 lm) at room temperature (RT) under continuous wave (CW) operation, enabled by the recent improvement in hole confinement afforded by the AlGaInAsSb quinary system. 2,3 Also, interband cascade lasers employing type-II active regions on GaSb have shown RT CW lasing at k ¼ 3.0-5.5 lm with relatively low threshold current densities. 4 However, compared to GaSb substrates, InP substrates offer significant advantages, including more mature commercial processing infrastructure and higher thermal conductivity. For conventional type-I laser diodes on InP, Sato et al. demonstrated RT CW emission at 2.33 lm using highly strained InAs/InGaAs QWs, 5 and recently Gu et al. demonstrated 2.37 lm laser diodes by employing triangular InAs QWs to lower the type-I transition energy. 6 However, the InAs QW critical thickness constraint limits further increases in type-I QW emission wavelength on the InP lattice constant. As an alternative, InGaAs/GaAsSb type-II structures have been employed on InP, and recently Sprengel et al. demonstrated type-II laser diodes at 2.6 lm in pulsed mode at RT and at 2.3 lm in the CW mode at 0 C. 7 On the longer wavelength side for InP-based technologies, quantum cascade lasers (QCLs) have recently achieved significant advances with high output power and RT CW lasing at k ¼ 3.0 lm. 8 Even with the merits of high power output under RT CW operation, QCLs fundamentally require high turn-on voltages ($12 V) and large threshold currents, leading to high threshold power densities. Furthermore, to emit wavelengths close to 3 lm, highly strained InGaAs/InAlAs growth is required for large conduction band offsets. This leads to even higher turn-on voltages ($18 V) and a decrease in wall-plug-efficiency (WPE) to 0.031% for RT CW operation; 9 in contrast, type-I laser diodes on GaSb emitting at 3.0 lm show 8.8% WPE with $1.4 V for RT CW operation. The realization of efficient RT CW InP-based lasers for k ¼ 2.4-3.0 lm will be highly challenging due to the very high strain in both conventional type-I laser diodes and QCLs.
Compositionally graded metamorphic buffers such as In x Al 1Àx As or InAs x P 1Àx enable type-I technology on InP to overcome the InAs QW critical thickness limit and to extend the operational wavelengths of InP-based lasers beyond 2.37 lm. Recently, Gu et al. showed metamorphic mid-IR laser diodes emitting at 2.9 lm from type-I InAs QWs using In x Al 1Àx As/InP graded buffers. 10, 11 However, CW lasing persisted up to only 180 K, and considerable spontaneous emission from the InGaAs waveguide was observed due to unfavorable carrier confinement in their active region. Alternatively, mixed anion InAs x P 1Àx buffers may serve as a better platform for metamorphic mid-IR light emitters than In x Al 1Àx As buffers because of their lower threading dislocation density (TDD), lower surface roughness, and lack of phase separation. 12 Previously, we reported 2.8 lm RT photoluminescence (PL) emission from type-I InAs 0.94 P 0.06 / InAs 0.78 P 0.22 MQWs grown on InAs x P 1Àx buffers that showed potential for mid-IR light-emitters. 13 In this work, we demonstrate RT electroluminescence (EL) at k ¼ 2.50-2.94 lm from InP-based light-emitting diodes (LEDs) using strained InAs/InAs x P 1Àx QWs. Engineering of the InAs QW thickness and InAs x P 1Àx barrier composition enabled us to achieve precise wavelength tuning of the metamorphic LEDs while maintaining TDDs of 2-5 Â 10 6 cm À2 and smooth, coherent interfaces between the QW and barriers. Also, we found that LEDs emitting at 2.50 lm demonstrated higher EL intensity and lower thermal quenching than devices emitting at 2.94 lm. 
II. EXPERIMENTAL DETAILS
LED samples were grown on semi-insulating (001) InP substrates in a Veeco Mod Gen-II solid source molecular beam epitaxy system. Figure 1 shows the cross-sectional schematics of the two LED structures (samples A and B) investigated in this work. We first grew metamorphic InAs x P 1Àx step-graded buffers by fixing the P 2 flux while increasing the As 2 flux. V/III beam equivalent pressure ratios increased from 10.8 to 13.3 for sample A and from 10.8 to 16.8 for sample B; the growth rate was 1 lm/h for all layers. The step size of both buffers is 300 nm, except for the 5th layer in sample A and the 4th and 8th layers in sample B, which are doubled in thickness and serve as x-ray diffraction marker layers. The buffers and caps were doped using Si for n-type and Be for ptype, respectively, both at a nominal concentration of 2 Â 10 18 cm
À3
. To minimize P-incorporation into the InAs QW, a growth interruption occurred prior to initiation of QW growth under As 2 overpressure for 1 min to pump out the remaining P 2 in the chamber.
The growth temperature for the InAs x P 1Àx buffers was 470 C, as measured by optical pyrometer, to ensure high dislocation glide velocity during the strain relaxation process 14 as well as to maintain smooth surface morphology. In situ reflection high-energy electron diffraction (RHEED) showed streaky (2 Â 4) patterns throughout the buffer growth as shown in Figure 2 (4 Â 2) growth regime leads to a high density of microscale pyramid defects and high RMS roughness. [15] [16] [17] The specific RHEED transition temperatures are expected to depend sensitively on the InAs x P 1Àx composition, V/III ratio, and method of temperature measurement. However, these results show the importance of staying within a (2 Â 4) regime in order to maintain smooth surface morphology. Figure 3 shows the TDD, as measured by planar-view transmission electron microscopy (PVTEM), of numerous InAs x P 1Àx /InP (x ¼ 0.5-0.8) graded buffer samples grown within a (2 Â 4) regime at 460-480 C. We found that TDD increases linearly with grading rate, as predicted by Fitzgerald's dislocation dynamics model. 14 For grading rates 0.5%/lm, our TDDs of 2-3 Â 10 6 cm À2 are similar to the lowest reported values for InAs x P 1Àx /InP (x ! 0.45) in the literature ($1-2 Â 10 6 cm À2 ), indicating that, in addition to smooth morphology, our choice of buffer growth conditions yields efficient dislocation glide kinetics. 12, 18 A grading rate of 0.5%/lm was subsequently employed for the devices reported here. Also, note that other techniques such as etchpit density (EPD) have been attempted for metamorphic InAsP to survey TDD over a wider area. However, EPD was found to underestimate the TDD values by a factor of 10Â for InAs 0.4 P 0.6, 12 and was not attempted here. The LED samples were fabricated by first lithographically patterning and wet-etching 500 lm Â 600 lm mesas with heights of 1 lm. Following the mesa etch, metal contacts (Ti:Au ¼ 20 nm:200 nm) consisting of a large-area bonding pad and a gridded region for surface light emission were deposited upon the top of the mesas (p-contact) using a standard UV lithography, metallization, and lift-off process. Contacts to the etched surface surrounding the mesas were made to act simultaneously as n-contacts. Following metallization, the processed chips were mounted on a copper block and wire-bonded. Samples were mounted in a continuous flow vacuum cryostat for the emission measurements. PL measurements were taken using a 532 nm solid-state diodepumped laser (50 mW), chopped at a frequency of 998 Hz, as the excitation source. The incident laser is focused onto the sample through a quartz window at an angle of 45 to the sample normal, and the PL, emitted through the cryostat's ZnSe window, was collected and collimated by a germanium lens, which also served to prevent the exciting laser light from entering the Fourier transform IR (FTIR). Spectra were collected with a Bruker v80v FTIR spectrometer operating in amplitude modulation step scan mode. The emitted light was detected by the FTIR's internal HgCdTe (MCT) detector and filtered using a lock-in amplifier, whose DC output signal was then sent back into the FTIR. The EL measurement was taken using the same experimental setup, except with the sample electrically excited using an Agilent 33220A function generator. EL and PL spectra were collected as a function of sample temperature, as well as electrical and optical pumping power.
III. RESULTS AND DISCUSSION
Misfit dislocations (MDs) in QWs due to strain relaxation can significantly degrade quantum efficiency, and therefore growing dislocation-free, fully strained InAs QWs is important for the LEDs presented here. Critical thickness calculations were performed using the standard expression, 19 and mechanical constants of the materials were adopted from literature. 20 The theoretical calculations show that the InAs QWs have critical thicknesses of 8.5 and 18.0 nm for sample A and sample B, respectively. We therefore grew a 6 nm QW for sample A and a 10 nm QW for sample B to avoid any strain relaxation. However, cross-sectional transmission electron microscopy (X-TEM) revealed MDs with spacing of $1 lm in the QW interface of sample A [ Fig.  4(a) ], corresponding to a low strain relaxation of $1%; no dislocations were observed at the QW interface in sample B [ Fig. 4(c) ]. The unexpected observation of a sparse array of MDs in sample A emphasizes the need to experimentally calibrate QW critical thicknesses for each QW/barrier composition. To kinetically suppress the formation of MDs, sample A was grown a second time with the substrate temperature lowered to 420 C prior to the growth of the n-InAs 0.51 P 0.49 barriers and InAs QW. 21, 22 The As 2 sticking coefficient at 420 C is higher than at 470 C, 23 and the corresponding As 2 / P 2 flux had to be adjusted for the designed barrier compositions in sample A. X-TEM images of the regrown sample A [ Fig. 4(b) ] show the upper portion of the n-type graded buffers and the InAs QW/InAs x P 1Àx barriers, revealing smooth and fully coherent interfaces between the QW and the barriers. The measured QW thicknesses are 6 nm and 10.5 nm as shown in the insets of Figure 4 .
FIG. 3. TDD variation for InAs
We conducted high-resolution x-ray diffraction (HRXRD) measurements of the LED samples using a Rigaku Smartlab system to study the relaxation state, composition, and tilt of the InAs x P 1Àx and InAs QW layers. Figure  5 shows reciprocal space maps for (004) and (115) The InAs QW HRXRD peak shows narrower FWHM and higher intensity in sample A than in sample B, despite the thinner QW in sample A and the fact that both QWs were found to be fully coherent in XTEM. The smaller HRXRD FWHM indicates that the QW in sample A is of higher structural quality, 24 as will be discussed in the context of EL and PL results below.
At 77 K, both LED samples show very narrow EL linewidths with the FWHM values of 10 meV and 4 meV for sample A and sample B, respectively (Fig. 6) . The larger FWHM in sample A may be caused by its thinner QW and stronger inhomogeneous broadening due to interface roughness. 25, 26 At 300 K, the EL spectra red-shifted from 2.27 lm to 2.50 lm and from 2.63 lm to 2.94 lm for samples A and B, respectively [ Fig. 6(b) ]. The FWHM of sample A remained relatively small at 22 meV, while the FWHM of sample B increased to 30 meV. Comparing the two LEDs in terms of 77 K EL intensities, sample A exhibited $16Â higher EL intensity than sample B at a forward bias of 10 mA. Our electroluminescence setup is not specifically designed to measure optical output power, and therefore, calculating the internal quantum efficiency of the samples is difficult and remains for future work. 27 We investigated TDDs by plan-view TEM (PV-TEM) on both samples in an attempt to elucidate the EL intensity disparity in the LEDs. Figures 7(a) and 7(b) show representative 7.6 Â 7.6 lm 2 PV-TEM images for each sample, showing a single threading dislocation each. We found that both samples A and B had very similar TDDs of 2.5 Â 10 6 cm À2 and 1.9 Â 10 6 cm À2 , respectively, as expected for a grading rate of 0.5%/lm (Fig. 3) . Thus, a difference in TDD cannot explain the difference in the EL intensity.
The InAs QW growth temperature may be one of the factors in explaining the intensity disparity. 5, 21, 22 As noted above, the diffraction intensity from the 6 nm QW in sample A was unexpectedly stronger than that of the 10 nm QW in sample B. Recall also that the QW in sample A was grown at a reduced temperature of 420 C to suppress dislocation glide, while the QW in sample B was grown at the graded buffer growth temperature of 470 C. Previous scanning tunneling microscopy studies showed that the density of atomicscale defects in the InAs homo-epitaxial layers decreases as growth temperature is lowered. 28 Since both PV and XTEM results show that the two samples are very similar in terms of dislocation density, we speculate that the lower InAs QW growth temperature may reduce point defect incorporation, leading to brighter EL and narrower FWHM in HRXRD.
We also studied T-dependent EL, and Figure 8 (a) shows that sample A undergoes much less thermal quenching than sample B. From 77 K to 300 K, the integrated EL intensity of sample A drops by a factor of 10, while sample B decreases by a factor of 50. We also carried out T-dependent PL experiments under constant optical excitation (laser power ¼ 50 mW) to investigate the thermal quenching. A similar trend was observed from the T-dependent PL measurement, as shown in Figure 8(b) . Note that the thermal quenching from sample A is comparable to W-type mid-IR materials on InP, such as InGaAs/GaAsSb by Pan et al. 29 and InAs/InGaSb/AlAsSb by Canedy et al., 30 both of which showed one order of magnitude drop in integrated PL intensity from 77 K to 300 K. This proves that sample A can effectively confine carriers into the QWs by minimizing carrier escape to the barriers at 300 K.
We performed QW energy level calculations for both samples at 300 K using band parameters from the literature between InAs and InP have varied, 31 but we found DE v ¼ 0.35DE g to give the best fit to the 300 K EL peak wavelengths for both samples. The energy band-alignments shown in Figure 9 (a) illustrate that sample A possesses better carrier confinement for both electrons and holes in the QW than sample B, which can better prevent thermal escape from the QW at RT; the potential barrier for the conduction band of sample A is 77 meV higher than that of sample B, while the valence band barrier is 60 meV higher. Excited states for electrons and holes are omitted for clarity in Figure  9 (a). Figure 9 (b) shows how the EL peak wavelengths for both samples evolve from 77 K to 300 K, closely matching our calculated transition energies. This indicates an accurate choice of the material parameters and band offsets (DE v ¼ 0.35) over a wide range of InAs QW strains and barrier compositions, enabling us to design and grow the active regions as desired.
IV. CONCLUSIONS
In conclusion, we have described the growth and fabrication of InP-based mid-IR LEDs employing compressively strained InAs QWs on top of InAs x P 1Àx metamorphic buffers. A wide range of InAs x P 1Àx buffer/barrier compositions could be grown with low TDD as long as a low strain gradient was employed and growth was maintained within a (2 Â 4) regime. The freedom to engineer the bandgap and lattice constant of the barrier layers combined with kinetic suppression of strain relaxation in the InAs QW allowed great design flexibility for mid-IR type-I LEDs. We also found that InAs QW LEDs grown at a lower substrate temperature with 1.53% strain exhibited 16Â higher EL intensity and 5Â smaller thermal quenching than LEDs grown at higher temperature with 0.84% strain. These encouraging EL results show the potential of InP-based type-I light emitters covering the wavelength gap from k ¼ 2.4 to 3.0 lm. For future work on InP-based type-I laser diodes, we speculate that the graded InAs x P 1Àx buffer can serve as a graded-index lower cladding layer. Lattice-mismatched upper cladding layers with large index contrast (e.g., AlGaAs) can then be grown on top of the cap layers for optical confinement, as was previously shown for InP-based vertical cavity surface emitting lasers. 
